Introduction
The formation of spherical powder during plasma polymerization process is a well-known phenomenon. For example, snowlike powder accumulated on the electrode during plasma polymerization of ethylene was reported by Kobayashi et al. [1] In general, the presence of small spherical particles in plasma polymerized thin film is often recognized by SEM observation. In other words, plasma polymerization technique can be a dry process to produce microspheres.
The preparation of monodispersed microsphere by plasma polymerization process is interesting from the viewpoint of material technology because variety of monomers including organometallic compounds can be used.
From these points of view, microspheres were synthesized by plasma polymerization using tetraethoxysilane (TEOS) as a monomer. [2] And it was found that the characteristics, morphology, particle size, and yield of the microspheres were very much dependent on the system configurations.
In this paper we focus on the reactor configuration, which is one of the characteristic parameters of a reactor, and investigate the relationship between reactor design and yield of microspheres.
Method
The plasma reactor used was a tubular reactor made of Pyrex® glass and is essentially the same as that used previously. [2] As shown in Figure 1 , this reactor (150-mm i.d.) consists of five glass parts and five stainless-steel joints with 0-rings. Two small glass parts (1 l0-mm height) were interposed by two large glass parts (500-mm height) and each junction was sealed with the stainless-steel joint. The middle three joints were used as electrodes: Two of them were narrow rings (11-mm width) and the other was a wide ring (60-mm width) except for pattern A. The wide ring has a port through which monomer can be introduced. By arranging these components, five different reactor configurations were build as shown in Fig Table 1 .
SEM (Model S-800, Hitachi) was used to observe the morphology and solid-state NMR (Model EX-400, JEOL) was used to investigate the structure of formed powders.
Results and discussion
Under plasma polymerization conditions shown in Table 1 , plasma glow was seen between the Fig. 1 Plasma reactor with five different reactor configurations two ground electrodes, and was indicated by light shadow for respective pattern as shown in Fig. 1 . Considering these configurations, the monomer amount which can be in contact with plasma could increase in the order of pattern A = pattern B < pattern C < pattern D < pattern E.
In the plasma polymerization of TEOS, under the most conditions, white powders were formed. The powders falling from plasma zone to watch tray could not be observed by naked eye, but He-Ne laser made it possible because the laser beam scattered when powders were falling.
As shown in Table 1 , the powder-forming rate varied depending on the condition. Among those five patterns, patterns B and D had less forming rate than the others, and no powder was found J. Photopolym. Sci. Technol., Vol. 8, No.3,1995 at the discharge power of 30 W in pattern B and 40 W in pattern D. In these patterns, using wide joint as a drive electrode, plasma product was found on inner surface of the drive electrode deposited as a film form. It seems that the plasma density in the vicinity of the electrode is higher at wide drive electrode compared to narrow electrode. In order to maximize the yield of powder formation and to minimize a film deposition on the electrode, the reduction the area of the drive electrode seems to be important.
In the comparison of input power for each pattern, the powder-forming rate is apt to decrease when the input power increases. W/FM shown in Table 1 is a composite parameter of plasma energy density, which represents energy input against the unit mass of a gas, expressed in J.kg-1, where W and FM represent the discharge wattage and mass flow (F, volume flow rate; M, molecular weight of monomer), respectively. In Table 1 , the conditions are listed in the order of W/FM for each pattern, but the powder-forming rate does not correspond to W/FM. On the contrary, the rate is inversely proportional to W/FM. When plasma energy density is too high, decomposition (ablation) often occurs preferentially. At least, higher plasma energy density is not favorable for the powder formation.
At the condition of input power of 10 W, the powder-forming rate increased in the order of pattern B < pattern E < pattern D < pattern C < pattern A: Pattern A shows the maximum rate among the five reactor configurations although the least amount of monomer is expected to pass In 29Si spectrum shown in Fig. 2 , peaks appeared in a range of -54 to -110 ppm can be assigned to SiO4 group. Obvious differences in peak height or peak pattern were not found among the powders formed in the conditions listed in Table 1 .
From the SEM observation, the diameter of the microspheres was found to be 0.15 to 0.6 p.m. The appearance of the microspheres varied depending on the experimental conditions: They were well-dispersed, chained, or coagulated. Figure 3 is an SEM photograph of the powders of sample no. 7. 
